Introduction {#S1}
============

About 90% of the ovarian cancers are thought to originate from the epithelium of the ovarian surface, the peritoneum, or cortical inclusion cysts ([@R4], [@R15], [@R33]). However, recent studies support a model that ovarian serous carcinoma arise from the epithelium of the fallopian tube ([@R21], [@R26], [@R28]). Unfortunately, most women with ovarian cancer are originally diagnosed at advanced stages ([@R20]), during which time the ovarian tumor cells have already migrated out from their primary sites, attached and invaded into adjacent organs, or organs in the peritoneal cavity. Ovarian cancer patients with advanced diseases show initial sensitivity to available standard chemotherapies (i.e. carboplatin and paclitaxel); however, 80% will have recurrent diseases ([@R37]) and only 20% of them survive beyond 5-years ([@R20]). Although studies have identified detailed steps of primary ovarian tumor cells metastasizing to secondary organs ([@R36]), no current therapeutics can successfully treat metastatic ovarian cancer. Thus, better understanding of the mechanism or molecules that regulate the growth and migratory behaviors of ovarian cancer cells is essential to develop new effective therapies.

Gab2 is a member of the DOS/Gab family of scaffolding adapters that include mammalian Gab1, Gab3, Drosophila DOS, and C. elegans SOC-1 ([@R18], [@R39]). Like its family member, Gab2 contains an N-terminal pleckstrin homology (PH) domain, and C-terminal portion of molecule with proline rich motifs and multiple tyrosine phosphorylation sites. Tyrosyl phosphorylated Gab2 recruits SH2-domain containing signaling proteins including tyrosine phosphatase Shp2 and p85 (the regulatory subunit of PI3K), resulting in the activation of the Ras-Erk and PI3K-Akt pathways, respectively, downstream of a variety of cell surface receptors. One of the PI3K-Akt regulated pathways is the mTOR-S6K cascade that is involved in growth regulation by controlling the cap-dependent protein translation ([@R30]). These Gab2-regulated pathways play critical roles in regulating the growth, survival, differentiation, and migration of different cell types ([@R18], [@R39]).

Gab2 also plays a role in human cancers. Gab2 is overexpressed in several human cancers including breast cancer ([@R7], [@R13], [@R16]), and melanoma ([@R19]). Gab2 gene amplification is at least one mechanism contributing to Gab2 protein overexpression in breast cancer ([@R7], [@R8]) and melanoma ([@R19]). Gab2 overexpression alone or in combination with other oncogenes promote the proliferation and invasive growth of mammary epithelial cells in three dimensional (3D) culture ([@R7], [@R11]), and the growth ([@R7]), migration and metastasis of mammary tumors in mice ([@R22]). Gab2 regulates the proliferation and migratory behaviors of the mammary epithelial and tumor cells mainly through the activation of Shp2-dependent pathways ([@R1], [@R7], [@R22]). Higher Gab2 expression is associated with metastatic melanomas. Interestingly, Gab2 expression promotes the migration, invasion, and metastasis of melanoma cells via activation of the PI3K pathway although the detailed mechanism is still not well understood ([@R19]). These data indicate that Gab2 uses distinct cell signaling pathways to regulate the migratory behaviors and metastasis of tumor cells in different cancers. Understanding the cancer context dependent Gab2 action on migration and metastasis should provide insights for novel cancer therapy.

Compared to its role in breast cancer and melanoma, the function of Gab2 in ovarian cancer is less understood. Amplification of the Gab2 gene located in the 11q13 locus has been reported in a subset (\~15%) of ovarian cancers ([@R9], [@R34]). However, it is not known whether the Gab2 protein is also overexpressed in ovarian tumors and whether Gab2 plays any role in the growth and metastasis of ovarian cancer cells. Considering the involvement of Gab2 in breast cancer and melanoma, we hypothesize that Gab2 expression contributes to the progression of ovarian cancer. In this study, we investigated the function of Gab2 in ovarian cancer by manipulating the expression of Gab2 in ovarian cancer cell lines. We find that Gab2 expression mainly promotes the characteristics of epithelial-to-mesenchymal transition (EMT) such as increase in cell migration, invasion, and decrease in the expression of E-cadherin, an epithelial cell marker. Gab2 down-regulates the expression of E-cadherin, via a novel pathway involving PI3K and EMT transcription factor Zeb1.

Results {#S2}
=======

Gab2 is overexpressed in ovarian cancer {#S3}
---------------------------------------

Gab2 gene amplification occurs in a subset of ovarian cancers with 11q13 amplification ([@R9], [@R34]). However, it is not known whether Gab2 gene is overexpressed in ovarian cancer. We first examined Gab2 mRNA expression in the publicly available database Oncomine™. Compared to normal ovary, Gab2 mRNA expression is significantly increased in ovarian serous cystadenocarcinoma ([Figure 1a](#F1){ref-type="fig"}). Serous cystadenocarcinoma is the subtype of ovarian adenocarcinoma with relative poor survival rate ([@R25]).

In addition, we also analyzed Gab2 protein expression in ovarian cancer cell lines ([Figure 1b](#F1){ref-type="fig"}). While Gab2 protein expression can be detected in two different normal human ovarian surface epithelial cell (HOSE) lines, Gab2 protein expression is significantly higher in 5 of the ovarian cancer cell lines including TOV21G, Tov112D, Igrov-1, OVCAR3, and Ig2w1. One interesting note, the size of Gab2 protein is significantly smaller although Gab2 is highly overexpressed in the OVCAR 3 cells. The smaller Gab2 in OVCAR3 probably represents the isoform b of Gab2 (Geneband accession \# NP_036428), which is \~4 kDa smaller than the full length Gab2 protein. Ovarian cancer cell lines OVCAR5 and OVCAR8 express very low amounts of Gab2 protein compared to the HOSE lines ([Figure 1b](#F1){ref-type="fig"}).

Gab2 overexpression induces phenotypes of EMT in ovarian cancer cells {#S4}
---------------------------------------------------------------------

To explore the functional significance of the enhanced Gab2 protein expression in ovarian cancer cells, we first examined the effects of Gab2 overexpression in OVCAR5 cells that express low level of Gab2 (see [Figure 1b](#F1){ref-type="fig"} and [Figure 4a](#F4){ref-type="fig"}). Although Gab2 overexpression did not enhance the growth of OVCAR5 cells in tissue culture plastic (data not shown), cells with Gab2 overexpression displayed scattering growth behavior compared to vector control cells, which were grown as epithelial colonies ([Figure 2a](#F2){ref-type="fig"}). In addition, when grown in 3D condition with matrigel ([Figure 2b](#F2){ref-type="fig"}), OVCAR5-vector control cells were generally grown into round and smooth colonies. In contrast, the colonies from OVAR5-Gab2 cells were generally disorganized and with protrusions extending into matrigel. These results suggest that Gab2 expression promotes migratory and invasive growth, signs of EMT, in ovarian cancer cells.

To provide further evidence that Gab2 expression promotes migration and invasion of ovarian cancer cells, wound healing, transwell migration and invasion assays were used to assess the effects of Gab2 expression on the migratory behaviors. Compared to vector cells, OVCAR5 cells with Gab2 overexpression closed the wound-scratch quickly ([Figure 2c](#F2){ref-type="fig"}) and migrated through the transwell membrane ([Figure 2d](#F2){ref-type="fig"}) and invade through the matrigel faster ([Figure 2e](#F2){ref-type="fig"}). Similarly, when Gab2 was overexpressed in OVCAR8, another cell line that expresses very low Gab2 protein (see [Figure 1b](#F1){ref-type="fig"} and [Figure S2a](#SD3){ref-type="supplementary-material"}), cell invasion was enhanced significantly in OVCAR8-Gab2 cells compared to OVCAR8-V cells ([Figure S1a](#SD2){ref-type="supplementary-material"}). The levels of Gab2 overexpression in OVCAR5 and OVCAR8 cells are comparable to the endogenous Gab2 expression in ovarian cancer cell lines with high Gab2 expression ([Figure 1b](#F1){ref-type="fig"}, [Figure 4a](#F4){ref-type="fig"}, [Figure S2a](#SD3){ref-type="supplementary-material"}, and data not shown).

Conversely, we examined the effects of knocking down (KD) Gab2 expression by shRNA in TOV21G cells, which express higher level of Gab2 protein (see [Figure 1b](#F1){ref-type="fig"} and [Figure 4b](#F4){ref-type="fig"}). In contrast to cells with Gab2 overexpression, TOV21G cells with Gab2-shRNA showed impaired cell migration both in wound healing ([Figure 2f](#F2){ref-type="fig"}) and transwell migration ([Figure 2g](#F2){ref-type="fig"}) assays, and cell invasion through the matrigel ([Figure 2h](#F2){ref-type="fig"}) compared to cells with control shRNA. Similarly, when Gab2 was knocked down by shRNA in Igrov-1, another cell line that expresses very high Gab2 protein (see [Figure 1b](#F1){ref-type="fig"} and [Figure S2b](#SD3){ref-type="supplementary-material"}), cell invasion was reduced significantly in cells expressing Gab2-shRNA compared to control-shRNA ([Figure S1b](#SD2){ref-type="supplementary-material"}).

E-cadherin is a protein involved in cell-cell contacts in epithelial cells. E-cadherin expression is usually inhibited when epithelial cells are undergone EMT ([@R38]). E-cadherin protein expression was examined by immunofluorescent staining in OVCAR5-vector and Gab2 cells ([Figure 3](#F3){ref-type="fig"}). In OVCAR5-vector cells, E-cadherin staining was strong and mainly present in cell-cell contacts ([Figure 3a](#F3){ref-type="fig"} left panel). In contrast, E-cadherin expression was barely detectable in OVCAR5-Gab2 cells ([Figure 3a](#F3){ref-type="fig"} right panel). Most strikingly, in the same field of OVCAR5-Gab2 cells, cells with high E-cadherin staining had very low Gab2 expression. Conversely, cells with low E-cadherin staining had high Gab2 protein expression ([Figure 3b](#F3){ref-type="fig"}). This result demonstrates that Gab2 overexpression suppresses E-cadherin expression in ovarian cancer cells. Together, these data indicate that Gab2 expression promotes EMT in ovarian cancer cells.

Gab2 expression inhibits E-cadherin expression and promotes cell migration/invasion via activation of the PI3K-Zeb1 pathway {#S5}
---------------------------------------------------------------------------------------------------------------------------

To further confirm that Gab2 expression affects E-cadherin protein expression, western blot analysis was used to assess E-cadherin protein expression in ovarian cancer cells with Gab2 overexpression or Gab2 KD. In OVCAR5 and OVCAR8 cells, Gab2 overexpression dramatically reduced E-cadherin protein expression compared to vector control ([Figure 4a](#F4){ref-type="fig"} and [Figure S2a](#SD3){ref-type="supplementary-material"}). Conversely, in TOV21G and Igov-1 cells, Gab2-shRNA enhanced E-cadherin protein expression compared to control-shRNA ([Figure 4b](#F4){ref-type="fig"} and [Figure S2b](#SD3){ref-type="supplementary-material"}).

To explore the mechanism by which Gab2 expression promotes EMT and down-regulation of E-cadherin expression, we first looked at the activation of PI3K, one of the key signaling pathways activated by Gab2 expression in different cell types ([@R18]), in ovarian cancer cells. To examine activation of the PI3K pathway, we assessed the phosphorylation status of Akt, a direct target of PI3K lipid product, and mTOR, a downstream signaling enzyme by performing immunoblot using phospho-specific Akt and mTOR antibodies. While activation of Akt and mTOR were low in OVCAR5-vector cells, activation of Akt and mTOR was increased significantly in OVCAR5-Gab2 ([Figure 4a](#F4){ref-type="fig"}). Similarly, Gab2 overexpression enhanced Akt activation in OVCAR8 cells ([Figure S2a](#SD3){ref-type="supplementary-material"}). Conversely, activation of Akt and mTOR was reduced by Gab2-shRNA compared to control-shRNA in TOV21G cells ([Figure 4b](#F4){ref-type="fig"}). Likewise, Gab2 knockdown reduced Akt activation in Igrov-1 cells ([Figure S2b](#SD3){ref-type="supplementary-material"}).

To understand how Gab2 regulates E-cadherin expression and migration/invasion in ovarian cancer cells, we expressed Gab2 wild type (WT) and Gab2 mutants that are defective in activating the PI3K (ΔPI3K) and Shp2 (ΔShp2) pathways in OVCAR5 cells ([Figure 4c](#F4){ref-type="fig"}). Gab2 WT and Gab2 ΔShp2 mutant both enhanced Akt, mTOR, and p70S6K activation and reduced E-cadherin protein expression compared to vector control. In contrast, Gab2 ΔPI3K mutant failed to increase the activation of Akt, mTOR, and p70S6K, and did not inhibit E-cadherin protein expression compared to vector control ([Figure 4c](#F4){ref-type="fig"}). These data indicate that Gab2 expression activates the PI3K pathway that contributes to the inhibition of E-cadherin in ovarian cancer cells. The Shp-2/Erk pathway does not mediate Gab2 inhibition of E-cadherin expression.

We also compared the migratory abilities of Gab2 WT and mutant expressing OVCAR5 cells using transwell migration and invasion assays. We found that the Gab2 ΔPI3K expressing cells displayed impaired migration and invasion compared to Gab2 WT expressing cells ([Figure S3a and S3b](#SD4){ref-type="supplementary-material"}), indicating that Gab2 via activation of PI3K, promotes the migration and invasion of ovarian cancer cells.

Transcription factors such as Zeb1, Snail, Slug, and Twist are involved in the induction of EMT. These transcription factors inhibit E-cadherin transcription directly ([@R40]). We asked whether Gab2 increases the expression of Zeb1, Snail, and Twist mRNAs. Our real-time RT-PCR analysis revealed that Zeb1 mRNA expression was enhanced significantly in OVCAR5-Gab2 cells compared to OVCAR5-vector cells ([Figure 4e](#F4){ref-type="fig"}). In contrast, Snail, and Slug mRNA expression was not affected by Gab2 expression, and Twist mRNA was not expressed at all in OVCAR5 cells (data not shown). Similarly, we also found that Gab2 overexpression enhanced Zeb1 protein expression in OVCAR8 cells ([Figure S2a](#SD3){ref-type="supplementary-material"}). To examine how Gab2 induces Zeb1 expression, we examined the effects of Gab2 WT and Gab2 mutant expression on Zeb1 protein and mRNA expression in OVCAR5 cells by western blot ([Figure 4d](#F4){ref-type="fig"}) and real-time RT-PCR ([Figure 4e](#F4){ref-type="fig"}). While the expression of Zeb1 protein and mRNA were relatively low in vector control cells, both Zeb1 protein and mRNA expression were increased by more than 2 fold in Gab2 WT and Gab2 ΔShp2 mutant expressing cells. In contrast, expression of Gab2 ΔPI3K mutant did not enhance Zeb1 expression significantly compared to vector control. This data indicate that Gab2 via activation of the PI3K promotes Zeb1 gene expression.

To address whether Zeb1 expression mediates Gab2-invoked suppression of E-cadherin expression and enhancement of cell migration and invasion, we knocked down Zeb1 expression by two different Zeb1 shRNA constructs in OVCAR-Gab2 cells ([Figure S4](#SD5){ref-type="supplementary-material"}). E-cadherin protein expression was enhanced significantly in Zeb1 shRNA expressing cells compared to control shRNA cells ([Figure S4a](#SD5){ref-type="supplementary-material"}). In addition, invasion of OVCAR5-Gab2 cells was significantly reduced in Zeb1 shRNA expressing cells compared to control shRNA cells ([Figure S4b](#SD5){ref-type="supplementary-material"}). These date support a model by which Gab2 via activation of PI3K-Zeb1 pathway promotes cell migration/invasion and inhibits E-cadherin expression in ovarian cancer cells.

Pharmacological inhibitors of PI3K and mTOR inhibit Gab2-enhanced cell migration and invasion in ovarian cancer cells {#S6}
---------------------------------------------------------------------------------------------------------------------

Gab2 expression via activation of PI3K promotes phenotypes of EMT. Small molecule inhibitors for PI3K and PI3K-regulated downstream signaling enzyme mTOR are being actively tested for cancer therapies ([@R14]). To find potential treatment for ovarian cancer with higher Gab2 expression, we tested whether LY294002, an effective PI3K inhibitor, and rapamycin, a specific mTOR inhibitor, can block Gab2-enhanced cell migration and invasion in ovarian cancer cells. Migration of OVCAR5-Gab2 cells was analyzed in the absence or presence of LY294002 or rapamycin using wound healing, transwell migration, and invasion assays ([Figure 5](#F5){ref-type="fig"}). While OVCAR5-Gab2 cells migrated quickly in vehicle control in both assays, migration of the OVCAR5-Gab2 cells was significantly reduced in the presence of LY294002 or Rapamcyin in wound healing ([Figure 5a](#F5){ref-type="fig"}) and transwell migration ([Figure 5b](#F5){ref-type="fig"}). Likewise, invasion of the OVCAR5-Gab2 cells was also reduced by LY294002 or Rapamcyin treatment compared to vehicle control ([Figure 5d](#F5){ref-type="fig"}). In addition, we also tested the effects of LY294002 and rapamcyin on cell migration and invasion in TOV21G cells, which express higher level of Gab2 protein ([Figure 1b](#F1){ref-type="fig"}, lane 1) compared to OVCAR5 cells ([Figure 1b](#F1){ref-type="fig"}, lane 7). While TOV21G cells migrated ([Figure 5c](#F5){ref-type="fig"}) and invaded ([Figure 5e](#F5){ref-type="fig"}) robustly in vehicle control, presence of LY294002 or rapamycin significantly impaired migration ([Figure 5c](#F5){ref-type="fig"}) and invasion ([Figure 5e](#F5){ref-type="fig"}) of TOV21G cells. Furthermore, we also examined the effects of GDC-0941, a more specific PI3K inhibitor currently used in clinical trial ([@R24]), on OVAR5-Gab2 and Tov21G cells. Similar to LY294002, GDC-0941 treatment significantly reduced migration and invasion of OVCAR5-Gab2 ([Figure S5a](#SD6){ref-type="supplementary-material"}) and Tov21G ([Figure S5b](#SD6){ref-type="supplementary-material"}) cells compared to treatment with vehicle control. These data indicate that the PI3K/mTOR plays an important role in mediating Gab2-induced cell migration and invasion. Drugs that block activation of PI3K or mTOR may potentially be used to alleviate metastases in ovarian cancer patients with high Gab2 expression.

Discussion {#S7}
==========

In this manuscript, we demonstrate that Gab2 overexpression, via activation of the PI3K pathway, promotes migration and invasion, and inhibits E-cadherin expression in ovarian cancer cells. Although the role of Gab2 in promoting cell migration and invasion via activation of the PI3K pathway has been reported in melanoma, it is not clear how the Gab2-PI3K pathway regulates the migratory behaviors of melanoma cells ([@R19]). We find that Gab2 via PI3K enhances the expression of Zeb1, a transcription factor associated with EMT, and down-regulates E-cadherin expression. The result of our study indicates that cell context-dependent pathway regulates the migratory behaviors of different types of cancer cells. Published studies including ours have shown that Gab2 via association with Shp-2 promotes mammary epithelial cells migration and invasion through multiple mechanisms. Gab2 via activation of Shp-2-Erk pathway promotes the invasion of MCF10A-ErbB2 cells ([@R7]) and migration of mammary tumor cells ([@R22]). Gab2 via association with Shp2 also promotes migration of MCF10A cells through inhibition of RhoA activation ([@R1]). In addition, Gab2 over-expression changes the localization of E-cadherin without affecting E-cadherin expression in v-src expressing MCF10A cells ([@R6]). In ovarian cancer cells, we find that the Gab2-Shp2 pathway is not required for E-cadherin downregulation and increased Zeb1 expression ([Figure 4c, d, e](#F4){ref-type="fig"}). In addition, Gab2 overexpression does not affect Erk activation (Data not shown), which is correlated to the lack of Shp2 interaction with Gab2 in OVCAR5 cells (Data not shown). Understanding the mechanism of how Gab2 activates different signaling pathways to promote cancer cell migration should provide new insights to design effective therapies to treat different metastatic cancers.

Our results indicate that Gab2 expression turns on the EMT program through activation of the PI3K-Zeb1 pathway, which inhibits E-cadherin expression in ovarian cancer cells. Activation of the PI3K pathway is involved in promoting EMT in different types of cancer cells ([@R27]). However, the mechanism by which the PI3K pathway inhibits E-cadherin is still not well-understood. A very recent paper showed that PI3K down-regulates E-cadherin expression through an increase in the expression of Slug and Twist transcription factors ([@R12]). However, Zeb1 and Snail expression were not affected by the enhanced PI3K activation in this system ([@R12]). In contrast, we find that Gab2 expression increases Zeb1 expression ([Figure 4d](#F4){ref-type="fig"} and [Figure S2a](#SD3){ref-type="supplementary-material"}) without affecting the expression of Slug, Snail, and Twist (Data not shown). Thus, our findings represent the first example that activation of the PI3K pathway promotes Zeb1 expression to inhibit E-cadherin expression, the mechanism of which requires further study in the future.

Oncogenic activation of the PI3K pathway usually occurs through genetic mutations in cancer. Activating mutations in PIK3CA, the catalytic subunit of PI3K, have been found frequently (\~30%) in colon, brain, and breast cancers ([@R3], [@R31]). Loss of function mutations in PTEN, a PI3,4,5P lipid phosphatase, is prevalent in brain and prostate cancers ([@R29]). However, PIK3CA or PTEN mutations are not commonly founded in ovarian cancer ([@R2], [@R23]), and PIK3CA gene amplification is more common (\~25%) ([@R23]). The NRG (heregulin)/ErbB3 signaling module is important to activate the PI3K pathway and promote cell growth in a subset of ovarian cancer ([@R32]). Our finding reveals that Gab2 overexpression contributes to activation of the PI3K pathway and promotes EMT in a subset of ovarian cancer. Interestingly, for the cell lines used in our study, OVCAR5 cells have no ErbB3 signaling and TOV21G and Igrov-1 cells express very low level of ErbB3 protein ([@R32]), suggesting that ErbB3 and Gab2 expression contributes to activation of the PI3K pathway in different subset of ovarian cancer. Considering LY294002, GDC-0941 or Rapamycin can reduce Gab2-enhanced cell migration and invasion of ovarian cancer cells, drugs that target the PI3K/mTOR pathway can be potentially used to treat Gab2-overexpressed ovarian cancer in combination with standard chemotherapy.

The fact that Gab2 expression promotes phenotypes of EMT in ovarian cancer cells suggests that ovarian tumors with high Gab2 expression may possess higher metastatic potential in patients. It will be important to determine whether Gab2 protein expression has any prognostic value for ovarian cancer patients in future study. mTOR inhibitor such as Temsirolimus has shown signs of efficacy in treating ovarian cancers in clinical trials (unpublished data, K.B.). It will be interesting to examine whether Gab2 expression status in ovarian tumors can predict response to Temsirolimus treatment.

Materials and methods {#S8}
=====================

Cell Culture and reagents {#S9}
-------------------------

Two primary human ovarian surface epithelial cell lines (HOSE) were derived from cells obtained from patients with ovarian cancer under protocols approved by the Dana-Farber/Harvard Cancer Center Institutional Review Board (DFHCC IRB) and the Partners Human Research Committee. Consent from patients was obtained as per IRB guidelines ([@R32]). Ovarian cancer cell lines OVCAR3, OVCAR5, OVCAR8, Caov3, TOV21G, TOV112D, Ig2w-1, and Igrov-1 were as described ([@R32]). All of the ovarian cell lines were cultured in RPMI-1640 medium (Sigma) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Hyclone), 1× Glutamine, 100 units/ml penicillin and 100μg/ml streptomycin (Sigma). 293T cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% heat-inactivated FBS, 1mM sodium pyruvate, 100 units/ml penicillin and 100μg/ml streptomycin (Hyclone). For cells grown in 3D culture condition, OVCAR5 cells were seeded as single cells over a solidified layer (40 μl) of growth factor-reduced Matrigel (BD Bioscience) in an eight-well glass chamber slide (Falcon). Cells were cultured in RPMI-1640 supplemented with 2% Matrigel, 2% FBS, and 100 IU/ml of penicillin and 100 μg/ml of streptomycin, and were refed every 3 days. All cell lines were cultured in tissue incubator with 5% CO2. LY294002, Rapamycin, and GDC-0941 were purchased from LC Laboratory.

Plasmids, retrovirus and lentivirus production {#S10}
----------------------------------------------

Retroviral expression vector pBabe-puro, and pBabe-puro containing Gab2 wild type (WT), and Gab2 mutants, ΔShp2, and ΔPI3K plasmids were as described ([@R7]). Control-shRNA construct and Gab2 shRNA construct targeting human Gab2 cDNA sequence were generated by inserting a double-stranded oligonucleotide into retroviral pSuper-puro vector ([@R10]). The Gab2 shRNA sequence is 5\'-GTGAGAACGATGAGAAATA-3\', and the control-shRNA sequence is GTGAcAtCcATGtGAAAat, which is the Gab2 shRNA sequence containing six point mutations. PLKO.1-puro vector expressing control shRNA (Sigma Cat\# SHC001) and two different human Zeb1 shRNAs (Sigma TRC clone\# 17565 and 17567) were purchased from the Functional Genomics Facility at University of Colorado Boulder. For the production of VSV-G pseudotyped retrovirus, 293T cells (8×10^6^) were cotransfected with 10 μg retroviral plasmid together with three packaging plasmids, 5 μg pCMV-VSV-G, 5 μg JK3, and 5 μg pCMV-TAT2 as described ([@R5]). Retroviral supernatants were collected at 48 and 72 hours post-transfection, and filtered through 0.45 μm low protein-binding sterile filter. PLKO.1 lentiviruses were produced according to the manufacture instruction (Sigma).

Retroviral and lentiviral Infection of Cells {#S11}
--------------------------------------------

Cells were incubated with appropriate retroviral or lentiviral supernatants and 8 μg/ml of polybrene (Sigma) for 16 hours. Thirty-six hours post-infection, stable pools of cells were selected with 1.5 μg/ml puromycin (Sigma), except for Igrov-1 cells that need 2.5 μg/ml of puromycin, for 3 days before used for experiments. For each construct, three different stable pools of cells from different retroviral infections were used in our experiments, and gave the same results.

Antibodies and immunoblotting {#S12}
-----------------------------

Gab2 anti-serum was generated against the C-terminal region of mouse Gab2 protein ([@R17]). Anti-phospho-Akt (S473) (p-Akt), phospho-mTOR (S2448) (p-mTOR), phospho-p70S6K (T389) (p- p70S6K), mTOR, and p70S6K rabbit antibodies were from Cell Signaling Technology, Inc. Anti-Akt1/2/3 antibodies were purchased from Santa Cruz Biotechnology, Inc. Anti-beta actin mouse monoclonal antibody was from Sigma. Anti-E-cadherin mouse monoclonal antibody (Cat\# 610181) was from BD-Bioscience. Anti-Zeb1 rabbit serum was a kind gift from Dr. Jennifer Richer (University of Colorado Denver) and Dr. Doug Darling (University of Kentucky). For western blot, cells were directly lysed in 1× SDS sample buffer. Protein samples were separated by SDS-PAGE, transferred to Immobilon-P membrane (Millipore Inc.), immunoblotted using the appropriate primary and the HRP-conjugated secondary antibodies, and detected by enhanced chemiluminescence. Western blot data shown in the paper are representatives from three independent experiments. The intensities of bands in western blots were quantified by densitometry analysis using the NIH Image J software.

Immunofluorescent staining {#S13}
--------------------------

OVCAR5 cells were grown on the glass-cover slips for 3 days, fixed and permeabilized in cold methanol for 10 minutes at −20°C. Cells were then incubated with anti-Gab2 rabbit antibodies (1:400) (Millipore, Cat\#06-967), anti-E-cadherin monoclonal antibody (1:500) and 4\',6-diamidino-2-phenylindole (DAPI) (Invitrogen), followed by incubation with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 546 goat anti-mouse IgGs (Molecular Probe), and mounted with Prolong Gold antifade reagent (Invitrogen). Fluorescent images were captured under the 20× objective lens using the Nikon Eclipse Ti-S/L 100 microscope system.

Quantitative reverse transcription-PCR (qRT-PCR) {#S14}
------------------------------------------------

Total RNAs (1 μg) isolated from cells using Trizol Reagent (Invitrogen) were treated with DNase I and reverse-transcribed into cDNA using Superscript III (Invitrogen). Quantitative RT-PCR was performed on 7500 fast real-time PCR systems (Applied Biosystems) using Power SYBR Green PCR Master Mix (Applied Biosystems). PCR primers were: human Zeb1 gene forward primer 5\'-GATGATGAATGCGAGTCAGATGC -3\', reverse primer 5\'-ACAGCAGTGTCTTGTTGTTGTAG -3\', whose sequence information was chosen from the Primerbank (<http://pga.mgh.harvard.edu/primerbank>) ([@R35]); human beta-actin gene forward primer 5\'-AAATCTGGCACCACACCTTC-3\', reverse primer 5\'-CAGAGGCGTACAGGGATAGC-3\'. The specificities of the Zeb1 and beta-actin primers for real-time PCR were verified by running the PCR products in the agarose gel electrophoresis. The Zeb1 PCR results were normalized to beta-actin and expressed as relative mRNA level.

Cell migration and invasion assays {#S15}
----------------------------------

### Wound healing assay {#S16}

The same size wounds were generated on confluent cultures of OVCAR5 or TOV21G cells using a 1 ml pipette tip. Cells were allowed to heal for different lengths of time in the absence or presence of LY294002 (10 μM) or rapamycin (40 nM) (LC laboratory). Images of the wounds at different time points were captured using the Nikon Eclipse Ti-S/L 100 microscope system.

### Transwell migration assay {#S17}

OVCAR5 (4×10^5^/ml), or TOV21G (2×10^5^/ml) cells were resuspended in RPMI medium alone. Cell suspension (100 μl) was added to the top chamber of transwell (6.5 mm in diameter and 8 μm pore size) (Costar), and 400 μl of RPMI medium containing 10% FBS were added to the bottom chamber of transwell.

### Transwell invasion assay {#S18}

The upper side of the transwell was coated with 100 μl of 1mg/ml matrigel diluted in RPMI at 37°C for 2 hours, and rinsed gently wash RPMI once. One hundred μl of OVCAR5 and Igrov1 (10×10^5^/ml) or TOV21G and OVCAR8 (6×10^5^/ml) cells resuspended in RPMI +0.5% FBS were added to the top chamber of the matrigel coated transwell and 400 μl of RPMI medium containing 10% FBS were added to the bottom chamber. DMSO (vehicle), LY294002 (10 μM), Rapamycin (40 nM), or GDC-0941 (0.8 μM) was added to both the top and bottom of transwell.

### Quantification of the transwell migration and invasion assays {#S19}

After incubation for different lengths of time at 37°C, transwells were fixed in 70% ethanol for 20 minutes. Non-migrated cells in the upper side of the transwell membrane were removed completely by cotton swab. Cells were permeabilized in 0.3% triton X-100 in phosphate buffered saline (PBS) for 5 minutes, and stained with 5 μg/ml DAPI for 20 minutes. Nuclei on bottom side of the transwell membrane were visualized under UV light by the Nikon Eclipse Ti-S/L 100 microscope. Nuclei images in five random 20× fields of cell images were captured and quantified using the NIS-Element software (Nikon). The mean of the nuclei was determined for each transwell. The experiments were repeated at least three times.

Statistical analysis {#S20}
--------------------

Unpaired Student\'s *t*-test was used for statistical analysis using the Prism 4 software (GraphPad). \* p\<0.05, \*\* p\<0.01, and \*\*\* p\<0.001.
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![Gab2 expression is increased in ovarian cancer cell lines and tumors. (a) Gab2 RNA expression is increased in ovarian serous cystadenocarcinoma (2) (n=38) compared to normal ovary (1) (n=10). Data is downloaded from the TCGA Ovarian dataset in the Oncomine database (<https://www.oncomine.org>). (b) Gab2 protein is overexpressed in a subset of ovarian cancer cell line lines. Equal amount (50 μg) of protein lysates from primary human ovarian surface epithelial (HOSE) and ovarian cancer cell lines, Tov21G, Tov112D, Igrov1, Caov3, Ig2w1, OVCAR3, OVCAR5, OVCAR8, were immunoblotted with anti-Gab2 antibodies and reprobed with beta-actin (as loading control) antibodies. Numbers under the Gab2 immunoblot are relative Gab2 protein level normalized to beta-actin protein level quantified by densitometry.](nihms-320646-f0001){#F1}

###### 

Gab2 expression enhances EMT-like behaviors in ovarian cancer cells. OVCAR5 cells stably expressing pBabe vector or pBabe-Gab2 were grown in tissue culture dishes for 2 days (a), or in 2% matrigel for 8 days (b), and photographed by phase contrast microscope. Note that Gab2 overexpression promotes cell scattering (a) and invasive cell growth (b). (c, d, e, f, g, h) Gab2 expression promotes migration and invasion of ovarian cancer cells. (c, d, e) Gab2 overexpression promotes cell migration and invasion in OVCAR5 cells. Confluent cultures of OVCAR5-Vector and -Gab2 cells were subjected to wound-healing assay (see Materials and methods). Cell images were taken immediately (0) and 6.5 hours later (c). Equal numbers of OVCAR5-Vector and -Gab2 cells were subjected to transwell migration assay (d) for 8 hours and invasion assay (e) for 20 hours (see Materials and methods). \*\*p\<0.01 and \*\*\*p\<0.001. (f, g, h) Knockdown of Gab2 reduces cell migration and invasion in TOV21G cells. TOV21G cells infected with the pSuper-puro-retroviruses stably expressing the control shRNA (C) and Gab2-shRNAs were subjected to the wound healing (f), transwell migration (g), and invasion (h) and assays as described in (c), (d), and (e) respectively. \*\*p\<0.01. Shown are representative results from three independent experiments. Scale bar=50 μm in (a), 100 μm in (b), and 250 μm in (c, d).

![](nihms-320646-f0002)

![](nihms-320646-f0003)

![](nihms-320646-f0004)

![Gab2 expression inhibits E-cadherin expression. OVCAR5-Vector (a) and OVCAR-Gab2 (a, b) cells were grown on glass cover slips for three days, fixed, and immuno-stained with anti-E-cadherin (E-cad) (Red) and anti-Gab2 (Green) antibodies, and DAPI (Blue) for nuclei. Scar bars=50 μm in (a) and (b).](nihms-320646-f0005){#F3}

###### 

Gab2 expression regulates the activation of the PI3K-Zeb1 pathway and inhibits E-cadherin expression. (a) Gab2 overexpression inhibits E-cadherin protein expression and activates Akt and mTOR. Equal amounts of lysates from OVCAR5-Vector (V) and OVCAR5-Gab2 cells were immunoblotted with antibodies against Gab2, E-cadherin, p-Akt, p-mTOR, and reprobed with antibodies against Akt, mTOR, and beta-actin. (b) Knockdown of Gab2 enhances E-cadherin protein expression and inhibits Akt and mTOR activation. Equal amounts of lysates from TOV21G-C-shRNA and Gab2-shRNA cells were immunoblotted with indicated antibodies as described in (a). (c, d, e) Gab2-regulated PI3K pathway upregulates Zeb1 gene expression to downregulate E-cadherin expression. Equal amounts of lysates from OVCAR5 cells stably expressing vector (V), Gab2WT, and Gab2 mutants such as ΔShp2 (cannot bind Shp2), and ΔPI3K (cannot bind p85) were immunoblotted and reprobed with the indicated antibodies. Numbers under the E-cadherin (E-cad) blot are relative E-cad protein level normalized to beta-actin protein level quantified by densitometry (c). (d, e) Gab2 via interaction with PI3K up-regulates Zeb1 expression. Zeb1 mRNA expression was quantified by the real-time RT-PCR using total RNAs isolated from OVCAR5-vector, Gab2WT, ΔShp2, and ΔPI3K cells (d). Zeb1 protein expression was analyzed by immunoblotting using equal amounts of lysates from OVCAR5-V, -Gab2WT, -ΔShp2, and -ΔPI3K cells. Numbers under the E-cad and Zeb1 blots are relative E-cad and Zeb1 protein levels normalized to beta-actin protein level quantified by densitometry. Numbers under the phospho-protein blots are relative phospho-protein levels normalized to its corresponding total protein levels quantified by densitometry.
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###### 

Inhibitors of PI3K or mTOR reduces Gab2-enhanced cell migration and invasion in ovarian cancer cells. (a) Confluent OVCAR5-Gab2 cells were subjected to wound healing assay in the absence (vehicle) or presence of 10 μM LY294002, and 40 nM Rapamycin respectively for 6.5 hours. Scale bar= 100 μm in (a). OVCAR5-Gab2 (b, d) and TOV21G (c, e) cells were subjected to transwell migration (for 8 hours) (b, c) and invasion (for 20 hours) (d, e) assays in the absence (vehicle), or presence of 10 μM LY294002, or 40 nM rapamycin (see Materials and Methods). \*\*p\<0.01 and \*\*\*p\<0.001. Shown are representative results from two independent experiments.
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